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Geologic CO2 sequestration (GCS) is believed to play a critical role for mitigating 
CO2 emissions. Many geologic carbon storage site options include not only excellent 
storage reservoirs bounded by effective seal layers, but also Underground Sources of 
Drinking Water (USDWs). An effective risk assessment of potential CO2 leakage from 
the reservoirs provides maximum protection for USDWs. A primary purpose of this 
dissertation is to quantify possible risks of CO2 leakage to USDWs, specifically risks 
associated with chemical impacts. 
Wellbore provides possible leakage pathways for CO2, and its integrity is a key risk 
factor for geological CO2 storage. This dissertation firstly presents an analysis on the 
impacts of CO2 leakage through wellbore cement and surrounding caprock with a gap 
(annulus) in between. Mechanisms of chemical reactions associated with cement-CO2-
brine interactions are predicted, and wellbore integrity under CO2-rich conditions is 
analyzed with a case study example – the Farnsworth CO2 enhanced oil recovery (EOR) 
unit (FWU) in the northern Anadarko Basin in Texas. 
The second part of this dissertation focuses on quantification of possible risks of CO2 
leakage through fractured wellbores to overlying USDWs. To understand how CO2 is 
likely to influence geochemical processes in aquifer sediments, a response surface 
methodology (RSM) with geochemical simulations is used to quantify associated risks. 
The case study example for this analysis is the Ogallala aquifer overlying the FWU. 
 iv 
Increased CO2 concentrations in shallow groundwater aquifers could result in release 
and mobilization of toxic trace metals. This dissertation also presents an integrated 
framework of combined batch experiments and reactive transport simulations to quantify 
trace metal mobilization responses to CO2 leakage into USDWs. The mechanisms of 
trace metal mobilization are elucidated, and the key parameters are quantified. The case 
study includes elevated CO2 conditions at the Chimayo site in northern New Mexico, a 
natural analog with CO2 upwelling. 
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Global warming and climate change are known to be caused by emissions of 
greenhouse gases (CO2, CH4, N2O, etc.) into the atmosphere, at least in part. Carbon 
dioxide (CO2) is the primary greenhouse gas emitted through human activities (EPA, 
2017). From 1990 to 2015, total gross U.S. CO2 emission increased by 5.6 %, with about 
5,410 million metric tons (MMT) of CO2 emitted in 2015 (EPA, 2017). Fossil fuel 
combustion from centralized sources contributes up to 93% of the total CO2 emission 
(EPA, 2017). 
To avoid further global warming, reducing CO2 emission, especially from stationary 
sources such as power plants, is desirable. Carbon capture, utilization, and storage 
(CCUS) technologies are believed to play a critical role for mitigating such CO2 
emissions (Litynski et al., 2013; NETL, 2015). Geologic CO2 sequestration (GCS), as 
one of the sequestration options, has gained much attention because of its feasibility and 
capacity (Bachu, 2000). Enhanced Oil Recovery (EOR) with CO2 (CO2-EOR), as one of 
the GCS targets, offers the potential economic benefit of increased oil production, which 
may offset some costs of CO2 capture and storage, and has become a promising method 






 1.1 Potential Risks of CO2 Leakage 
CO2 leakage through caprock or wellbores from CO2 storage reservoirs (sealing 
integrity) is considered as a key risk factor by many studies, and wells are identified as a 
greater risk than geological features such as faults and fractures (Bachu and Watson, 
2009; Viswanathan et al., 2008; Wigand et al., 2009). Wells in oil fields are usually 
completed with Portland cement as sealing material with portlandite (Ca(OH)2) and 
calcium-silicate-hydrate (CSH) as the main components (Scherer et al., 2005). When 
attacked by CO2, portlandite and CSH would degrade sequentially and form calcite and 
hydrated silica gel, which may impact the cement structural integrity (Carey et al., 2007; 
Kutchko et al., 2007). 
Most GCS sites are overlain by groundwater aquifers. Another major concern of 
CCUS application is the risk of CO2 leakage from deep sequestration reservoirs through 
highly-permeable zones into overlying Underground Sources of Drinking Water (USDW). 
CO2 itself is not hazardous to water quality, but increased CO2 concentrations in shallow 
groundwater aquifers could reduce pH and enhance geochemical reactions between 
groundwater and aquifer sediments, resulting in release and mobilization of toxic trace 
metals (Little and Jackson, 2010; Zheng et al., 2009).  
Multiple environmental variables such as wellbore properties, aquifer geology, 
mineralogy, and groundwater chemistry play an important role in the responses of 
wellbores and groundwater to CO2 leakage (Bacon et al., 2014; Carroll et al., 2016; Frye 
et al., 2012). These geological variables suggest site-specific uncertainty/risk assessment 
is essential for safe and effective application of carbon sequestration (Little and Jackson, 





1.2 Research Approaches 
Specific research interests of impacts of CO2 leakage include CO2 leakage rate 
assessment, CO2-wellbore cement interactions, impacts of CO2 leakage into overlying 
USDWs, and early detection criteria. To date, most research on such assessments rely on 
lab-scale experiments (Bachu and Bennion, 2009; Frye et al., 2012; Little and Jackson, 
2010), field-scale tests (Carey et al., 2007; Yang et al., 2013; Zheng et al., 2012), and 
numerical modeling (Bacon et al., 2016; Carey and Lichtner, 2007; Viswanathan et al., 
2012). However, these approaches have their own disadvantages. For example, lab-scale 
experiments are usually conducted under ambient pressure and temperature, and with 
well-mixed water-sediment systems, the water-rock-CO2 interactions are not fully 
representative of geochemically heterogeneous sediment system with flow (Trautz et al., 
2013; Yang et al., 2014); field-scale tests are often with a longer experimental cycle, and 
the test water tends to mix with local groundwater which might affect the results (Mickler 
et al., 2013); simulations results are not necessarily representative of a realistic case 
because simplified models are usually used (Yang et al., 2014). 
To overcome the defects of these study approaches listed above, modeling approaches 
combined with laboratory/field observations and site-specific uncertainty assessments are 
of interest for safe and effective application of carbon sequestration in recent research 
(Wilkin and Diguilio, 2010). Carey et al. (2007) collected one cement core sample 
recovered from a well exposed to CO2-rich brine at the SACROC CO2-EOR site, which 
provides an opportunity to investigate the performance of CO2-cement interaction with a 
real case calibration. Carroll et al. (2014) discussed the probability of detecting a CO2 





simulations combined with reduced order models. They also introduced “impact 
thresholds” for a no-impact contaminant level based on site-specific data, which is easier 
for assessing the site-specific groundwater quality change. Yang et al. (2014) developed 
an inverse multicomponent geochemical modeling approach to interpret responses of 
water chemistry to the introduction of CO2 into a set of laboratory batch reactors 
containing carbonate-poor and carbonate-rich potable aquifer sediments. 
In this dissertation, modeling approaches calibrated with laboratory and field 
observation data and uncertainty assessments are applied to quantify uncertainty and 
forecast the responses of wellbore cement and overlying USDWs to CO2 leakage from 
the reservoir. Results of this study are intended to improve ability to quantify risks 
associated with potential leakage of CO2 from reservoirs. 
 
1.3 Overview 
Geologic carbon storage site options usually include not only storage reservoirs 
bounded by effective seal layers, but also Underground Sources of Drinking Water 
(USDWs). An effective risk assessment of potential CO2 leakage from the reservoirs 
provides maximum protection for USDWs. A primary purpose of this dissertation is to 
quantify possible risks of CO2 leakage to USDWs, specifically risks associated with 
chemical impacts. This dissertation contains five chapters, including an introduction, 
three published journal articles, and a general conclusion. 
Chapter 1 (this chapter) introduces the concepts of CCUS, GCS, CO2-EOR, and 
potential risks of CO2 leakage from a storage reservoir. The significance of uncertainty 





emphasized in this chapter. 
In Chapter 2, impacts on wellbore integrity under CO2-rich conditions within an 
operational time scale are analyzed, and mechanisms of chemical reactions associated 
with cement-CO2-brine interactions are also discussed. Key parameters for cement-CO2 
interactions are verified with a cement core sample exposed to CO2 for 30 years. The 
uncertainty of wellbore integrity is also analyzed for the Farnsworth CO2 enhanced oil 
recovery (EOR) unit (FWU) in the northern Anadarko Basin in Texas. 
Chapter 3 applies an effective risk assessment to quantify possible risks to USDWs, 
specifically risks associated with chemical impacts on USDWs by reduced order models 
(ROM). The case study example for this analysis is the Ogallala aquifer overlying the 
FWU, and water chemistry factors for early detection criteria are also identified. 
In Chapter 4, an integrated framework of combined batch experiments and reactive 
transport simulations is developed to quantify water-rock-CO2 interactions and arsenic 
(As) mobilization responses to CO2 and/or saline water leakage into USDWs. This study 
is intended to improve ability to quantify risks associated with potential leakage of 
reservoir fluids into shallow aquifers, in particular the possible environmental impacts of 
As mobilization at carbon sequestration sites. 
Chapter 5 summarizes the general conclusions and recommendations for all three 
chapters presented in this dissertation. 
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Carbon dioxide (CO2) leakage through wellbores and surrounding caprock from CO2 
storage reservoirs is considered as a key risk factor for geological CO2 storage. Carbon 
dioxide can react with wellbore cement, and with the degradation of the cement, it might 
lose its structural integrity and provide extra leaking pathways for CO2. It is important to 
investigate the performance of CO2-cement interactions and analyze the potential risks 
for CO2 leakage through wellbore cement. 
In this chapter, we analyze the impacts of CO2 leakage through wellbore cement and 
surrounding caprock with a gap (annulus) in between. Key parameters for cement-CO2 
interactions are verified with the cement core sample from the SACROC Unit exposed to 
CO2 for 30 years, and such parameters are used in our reactive transport simulations for 
forecasting the wellbore structural integrity. The Farnsworth Unit (FWU), an oilfield in 
the northern Anadarko Basin in Texas undergoing active CO2 enhanced oil recovery 
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Reprinted from International Journal of Greenhouse Gas Control 50, Ting Xiao, Brian 
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In Chapter 2, we analyzed the interaction between CO2 and wellbore cement, which is 
considered a major pathway for CO2 leakage. It is hard for CO2 to penetrate wellbore 
cement when there are no pre-existing fractures. However, with an annulus between 
wellbore and caprock, CO2 easily leaks from the reservoir due to buoyancy. There also 
might be micro-fractures in the wellbore cement due to mechanical effects, which 
provides leakage pathways for CO2. 
Many CO2 storage reservoirs are overlain by potable groundwater aquifers, and the 
water quality might be affected by CO2 leakage. In this chapter, we assess the potential 
risks to the Ogallala groundwater aquifer overlying the Farnsworth Unit (FWU) due to 
CO2 leakage through wellbores with micro-fractures with quantitative response surface 
methodology (RSM). This chapter focuses on how CO2 leakage is likely to influence the 
groundwater quality in the Ogallala aquifer, and what water chemistry components are 





























































































ARSENIC MOBILIZATION IN SHALLOW AQUIFERS DUE TO CO2  
AND BRINE INTRUSION FROM STORAGE RESERVOIRS 
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Hari Viswanathan, Alexandra Hakala, Martha Cather, Wei Jia, Yongchao Zhang, Brian 
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In Chapter 3, we analyzed the chemical impacts of CO2 leakage on the groundwater 
quality in the Ogallala aquifer overlying the Farnsworth Unit (FWU), and water 
chemistry components that are suitable for early detection criteria. Among all the USDW 
water quality changes due to CO2 intrusion, toxic trace metals release and mobilization 
from aquifer sediments are of special interests. An additional risk is the leakage of 
reservoir brine, which may contain toxic substances, into USDWs. 
In this chapter, the mechanisms of toxic trace metal (arsenic in specific) mobilization 
with an integrated experimental and simulation framework is analyzed. The responses of 
arsenic (As) release under different water salinities and key kinetic parameters 
controlling As mobilization processes are identified. The case study includes elevated 
CO2 conditions at the Chimayo site in northern New Mexico, a natural analog with CO2 
upwelling. Batch experiments of water-rock-CO2 interactions are conducted with both 
fresh groundwater and saline water, to mimic scenarios of CO2 leakage with and without 
deeper formation brine. Quantitative interpretation of As mobilization due to leaked CO2 






































































This work specifically focuses on impacts of CO2 leakage from geologic CO2 
sequestration (GCS) reservoirs. CO2-wellbore cement interactions, CO2 leakage through 
fractured wellbores, CO2 intrusion into groundwater aquifers, and its impacts on 
Underground Sources of Drinking Water (USDW) quality are analyzed. Geochemical 
reactions due to CO2 intrusion are of specific interest in this work, which include aqueous 
species complexation, mineral precipitation/dissolution, adsorption/desorption, and cation 
exchange. Specific methods of reduce order models (response surface methodology), 
uncertainty analysis, and inverse modeling are involved in this work. Lab-scale 
experimental results and field observations are used for key parameters calibration, which 
improves the reliability of numerical simulations. 
Chapter 1 introduces potential risks of CO2 leakage from storage reservoirs and recent 
research approaches on this topic. Importance of combining numerical simulations with 
experimental results and risk assessments is also addressed in this chapter.
In Chapter 2, chemical impacts of CO2 leakage through wellbore cement and 
surrounding caprock with a gap (annulus) in between are analyzed. The case study for 
this analysis is the Farnsworth Unit (FWU), an active CO2 enhanced oil recovery (EOR) 
oilfield in the northern Anadarko Basin in Texas. Key parameters for cement-CO2 
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interactions are calibrated with the cement core sample from the SACROC Unit exposed 
to CO2 for 30 years, and such parameters are used in our reactive transport simulations 
for forecasting the wellbore structural integrity. The major conclusions drawn include: 
(1) Cement tortuosity and diffusion coefficient are key parameters for determining the 





/s are reasonable to fit the carbonation depth of the core sample. 
(2) Operational reservoir pressure and reservoir gas saturation (Sg) affect the height 
of carbonated zone along the existing fracture between the cement and the caprock, 
because of the buoyancy and pressure driven force for CO2. 
(3) When CO2 saturated brine reaches the cement, portlandite (Ca(OH)2) reacts with 
CO2 and forms calcite (> 20% volume fraction), leading to porosity reduction (up to 10% 
reduction in 100 years), significantly impacting CO2 leakage rates by infilling pathways. 
(4) CO2 will likely not penetrate an unfractured caprock, and the cement would not 
degrade significantly in this case. 
(5) For the Farnsworth Unit, the wellbore cement will likely maintain its structure and 
integrity after 100 years. However, if an acid plume were to enter an existing limestone 
caprock fracture, calcite would likely dissolve because of reduced pH. This process could 
increase porosity of the fracture and enlarge the volume of the fracture area – a major 
concern for CO2 leakage. 
In Chapter 3, a response surface methodology (RSM) is conducted to quantify 
uncertainty and risks to the water quality of the Ogallala aquifer overlying the Farnsworth 
Unit (FWU) due to CO2 leakage through wellbores with micro-fractures. This chapter 
includes three parts: (1) cement hydration simulations, to obtain the equilibrium 
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composition of wellbore fluids with wellbore cements; (2) quantification of the possible 
range of CO2 leakage rates from the FWU reservoir through wellbore fractures (using 
typical and likely permeability ranges) to the overlying USDW; and (3) quantification of 
potential risks to Ogallala groundwater quality due to CO2 leakage. Major findings 
include: 
(1) This study suggests that a greater than 90% probability of leakage rate values 
should range between 10
-14
 – 10-10 kg/(m2·year). This small leakage rate is explained by 
the relatively low permeability of wellbore cement, and chemical reactions between CO2 
and portlandite (Ca(OH)2) that consume CO2 as well as further decrease the fracture 
porosity resisting the CO2 pathways. 
(2) RSM-based results are sufficiently robust, as indicated by coefficient of 
determination (R
2
) and coefficient of variation of the root mean square error (CVRMSE) 
values calculated between simulation results and the RSM-predicted responses. R
2
 and 
CVRMSE between 50 validation simulation results and response surface equations are > 
0.8 and < 10%, respectively. The high R
2
 and low CVRMSE values suggest that the 
results of ROMs are likely sufficiently effective for representing full-reservoir model 
simulation results. 
(3) No-impact thresholds associated with site-specific monitoring data could be a 
valuable reference for evaluation of CO2 impacts. 
(4) Within the range of CO2 leakage rate, TDS, nitrate, and trace metal concentrations 
could be twice as much as the initial value with the worst scenarios after 200 years. 
However, these water indices do not exceed the MCL limit, or exceed no-impact 
thresholds according to the in situ monitoring data, suggesting that the Ogallala 
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groundwater quality should not be significantly impacted. 
(5) Water quality at 100, 500, and 1000 m away from the leakage point indicates only 
slight differences within 200 years, suggesting that the distance between current 
monitoring wells and injection/production wells is of limited impact with respect to early 
detection criteria. 
(6) pH is suggested as a likely geochemical indicator for early detection, because it is 
sensitive to CO2 leakage and is easy to detect. 
In Chapter 4, the mechanisms of arsenic mobilization with an integrated experimental 
and simulation framework are analyzed. The case study is the Chimayo site in northern 
New Mexico, a natural analog with CO2 upwelling, which provides an example of a 
shallow groundwater aquifer with long-term CO2 exposure. Quantitative interpretation of 
As mobilization due to leaked CO2 and brine utilizes an inverse reactive transport 
modeling approach. Results of this study are intended to improve ability to quantify risks 
associated with potential leakage of reservoir fluids into shallow aquifers, in particular 
the possible environmental impacts of As mobilization at carbon sequestration sites. The 
main conclusions are: 
(1) Arsenic desorption/adsorption from/onto clay minerals is the major reaction 
controlling its mobilization, and clay minerals could mitigate As mobilization with 
surface complexation reactions. 
(2) Dissolution of available calcite plays a critical role in buffering pH. 
(3) High salinity in general hinders As release from minerals. 
(4) The magnitude and quantitative uncertainty of As mobilization are predicated on 
the values of reaction rates and surface area of calcite, adsorption surface areas and 
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equilibrium constants of clay minerals, and cation exchange capacity. 
Future research could be done to improve the approaches of this work. Possible 
research may include: (1) improved models for the simulated formations with more field 
monitoring data could be developed; (2) laboratory experiments with site-specific 
sediments and groundwater samples interacting with CO2 could be conducted to obtain 
geochemical reaction parameters for potential impacts on groundwater quality; and (3) 
integrated frameworks combining experiments, simulation, and field observations are 
necessary for accurately forecasting CO2 behavior in the storage sites. 
  
 
